Introduction
Rivers are dynamic by nature; they adjust their characteristics in response to any change in the environment. These environmental changes may occur naturally, as in the case of climatic variation or changes in vegetative cover, or may be a result of human activities. Human factors influence channel changes, both directly by engineering projects including channelization, dredging, snag removals, dam construction and bridge construction, and indirectly through altering floodplain landuse such that erosion is more likely to occur during flood events more likely to occur during flood events (Ab. Ghani et al., 2010) . These changes to river hydrology and sedimentation will in turn modify the channel morphology, which include changes to channel cross section, stability and capacity. Otherwise, hazard flood increases with the sedimentation and damages exceeded with muddy water. Consequently, it is necessary to study river channel behaviour and evaluate the river channel stability for its natural state and response to human modification due to the existing and future developments.
Study site
Kulim River catchment (Figure 1 ) is located in the southern part of the state of Kedah and in the northwestern corner of Peninsular Malaysia. Kulim River is a natural stream in Kedah state, Malaysia. Kulim River drains 130 km 2 of the surface area of southern part of the state of Kedah, is in the northwestern corner of Peninsular Malaysia. Kulim River emanates from the western slopes on Gunung Bangsu Range and flows in a north-westerly direction. The river slopes are steep and channel elevations drop from 500 meter to 20 meter above mean sea level (AMSL) over a distance of 9 kilometer. The central area of the catchment is undulating with elevation ranging from 100 meter down to 18 meter above mean sea level. The study area has a tropical climate influenced by the movement of Inter-Tropical Convergence Zone. Its passage over the area results in two wet periods during the year which occur from April to May and from September to November. There is a transitional period of moderate rainfall during June to August and dry during December to March. Rainfall is generally convective and increase from around 2000 mm a year at the downstream to over 3200 mm a year on the mountainous area. The Kulim River has experienced severe environmental damages, mostly related to significant erosion and sedimentation. Anthropogenic activities and natural events cause 176 changes in river morphology and stability of Kulim River. The human activity include the development to the year 2010 of Kulim district based on the Kulim Structure Plan, 1990 -2010 (MDK, 1993 , rapid urbanization at Kulim River catchment especially construction for housing state, the on-going 145 km 2 Malaysia's first and fully integrated Kulim Hi-Tech Industrial Park and river sand mining activities which may maximize the disturbance to river equilibrium and environment. Frequent flood occurrences in Kulim River catchment have significantly affected the community because of extensive damage in built up and agriculture areas especially the flood event in October 2003, which is an event slightly lower than the 100-year ARI based on the frequency analysis. Finally, these changes to the river hydrology and sedimentation will in turn alter the channel morphology, which can include changes to channel cross section, stability and capacity (Chang et al., 2005) . The study reach covers about 14.4 km of Kulim River, from the upstream (CH 14390) to the state boundary between Kedah and Penang (CH 1900) and further downstream at the Ara Kuda gauging station (CH 0). 
Flood frequency analysis
The Kulim River benefited from 46-year period A flood frequency analysis was carried out for the 42-year period of streamflow data using Gumbel Extremal Type I. It was found that the result shows the better agreement to the measured streamflow data ( Figure 2 ). The flood frequency analysis provided by the present study is also given in Table 2 . It is therefore concluded that the 2003 flood discharge of 92.90 m 3 / s is slightly lower than the 100-year peak discharge. (DID, 1976; DID, 1977) and recent manuals (Yuqian, 1989; USACE, 1995; Edwards & Glysson, 1999; Lagasse et al., 2001; Richardson et al., 2001) . The data collection includes flow discharge (Q), suspended load (T s ), bed load (T b ) and water surface slope (S o ). The water-surface slopes of the study reaches were determined by taking measurements of water levels over a distance of 200 m where the cross section was located (FISRWG, 2001) . Besides that, bed elevation, water surface and thalweg (the minimum bed elevation for a cross section) measurement were also carried out at the selected cross sections. Details and examples of the measurement methodology for rivers in Malaysia can be found in Ab. Ghani et al. (2003) and DID (2009) . In this study, the water-surface slopes were found to be mild, where the average slope, S o for CH 14390 and CH 3014 is 0.001 m/ m. Bed material samples were also collected at the selected cross sections including bank samples. This data were analyzed to determine the distributions of the mean sediment size or d 50 and used to characterize the physical characteristics of the sediment responsible for sediment transport, which determines the river response in terms of erosion and deposition. Low sediment transport rate for Kulim River occurred during the field measurements. The mean sediment sizes show that Kulim River is sand-bed streams where d 50 ranges from 1.00 to 2.40 mm. A summary with ranges for hydraulics and sediment data collection is shown in thread channel with the bankfull width ranging between 25 and 50 m, and aspect ratio (B/ y o ) was between 23 and 53 indicating that it is a moderate-size channel. The total bed material load (T j ) is composed of the suspended load and bed load, representing the ability of the river to replenish the sediment and it must be specified for sediment transport, scour and deposition analysis. The measured total bed material load rating curves for these two sites at the Kulim River are illustrated in Figure 3 . A mild curve is obtained for Kulim River indicating that a longer time is required for the replenishment before it is viable for sand extraction purpose. Therefore it is recommended that deposition should be allowed to occur first after a major flood before any river sand mining activity is allowed between these two sites. Based on the Table 1 and Figure 3 , it is estimated that the 2003 flood with a discharge of 93 m 3 / s will transport 7 kg/ s of sand during the flood.
Channel morphology
Water and sediment transport through the Kulim River increase with time due to the reduction of river capacity that resulted from reclamation and sedimentation along the river. River bank erosion, river bed degradation, river buffer zone encroachment and deterioration of river water quality cause a serious and regular hazard in urban settlements at Kulim town. The powerful water currents wear away at the edges of these settlements during the wet periods and sometimes entire settlements established near the bank are washed away. Figure 4 shows the channel planform modification along Kulim River due to an event slightly lower than the 100-year ARI flood during October 2003 at two urbanized areas of Kulim town and its surrounding areas. The main and most urbanized area of Kulim River pass the Kulim town and its surrounding. The channel widening can be observed in many locations along the Kulim River such as CH 10000, CH 12000 and CH 13500. The depositional areas are mainly located at the outer banks of meanders, while the erosion areas are at the opposite banks. These changes in channel river planform may cause extensive damages and inconvenience to the community (Sirdari, 2009) . Field measurements results including bed elevation, thalweg and water surface were carried out at several cross sections were compared to the river survey geometry data in September 1991. However, the comparison between cross sections provided by Department of Irrigation and Drainage (DID) and field measurement after October 2003 flood shows that there has been a change in cross section. The channel bed profile has gradually reduced (Sirdari, 2009) within 13 years period, which proves that channel degradation occurred at most cross sections at Kulim River after the flood event (Chang et al., 2005) . Thalweg at the CH 14390 has changed from 24.58 m to 23.50 ± 0.5 m and thalweg at the CH 3014 has changed from 8.38 m to 6.45 ± 0.5 m ( Figure 5 ). From these results of cross section changes, it's shown that steep slope in Kulim River has induced higher discharge, and it was associated with the spatial variation in sediment transport and sediment size. The changes in river bed profile may be attributed to the erosion or deposition along the banks or the channel width. As a result, the study of changes in channel-bed profile, width variation and changes in bed topography, bank erosion, changes in channel degradation and aggradation, changes in channel curvature and river meandering were also carried out using sediment transport model. 
Sediment transport equation assessment
The analysis for a total of 22 sets of data based on averaged size of sediment (d 50 ) have been obtained for nine sediment transport equations including five bed load equations namely Einstein bed load function (Einstein, 1942 (Einstein, , 1950 , Einstein-Brown's equation (Brown, 1950) , Meyer-Peter-Muller's equation (1948), Shields' equation (1936) , Duboys' equation (1879) and four total load equations namely Yang's equation (1972), Engelund-Hansen's equation (1967), Ackers-White's equation (1973) and Graf's equation (1971) . The performances of the equations were measured using the discrepancy ratio (DR), which is the ratio of the predicted load to measured load (DR=predicted/ measured). In this study, a discrepancy ratio of 0.5 to 2.0 (DR = 0.5-2.0) was used as a criterion in the evaluation of the selected equations. However, the evaluation of these equations shows that all the existing equations, in most cases, over-predicted the measured values, as shown in Table 4 . The result shows that Engelund & Hansen equations gives better prediction of measured data and yielded the highest percentage of data sets within discrepancy ratio of 0.5 to 2.0 at CH 14390 (50 %) and CH 3014 (41.67 %). The analysis also shows that all of the bed load equations gave unsatisfactory performance to predict the sediment load compared to total load equations. (Chang, 2006b; Ab. Ghani et al., 2007) 5. Sediment transport modeling 5.1 Software used Studies of sediment transport, scour and fill, aggradation and deposition analyses can be performed by computer model simulation. The rapid pace of computer technology has been a milestone for mathematical models in sediment transport. As a result, the high demand on the models resulted in development of many models and the selection of the right model under certain constraints requires a comprehensive knowledge of the capabilities and features of available models. Recently, wide acceptance of a community sediment transport model would make the model a more effective tool for research, planning and design of river engineering, therefore numerous sediment models are available in the study of hydraulic and sediment transport modeling.
The review of capabilities and performance of sediment transport models has been discussed by the National Research Council (1983), Fan (1988) (DWR, 2004) . In addition, applications of the several commonly used sediment transport models have been described by Ab. Ghani et al. (2003) and Chang (2006b) . These applications illustrate various capabilities of different models and each sediment transport model has its own limitations. The selection of the right model under certain constraints requires a comprehensive knowledge of the capabilities and features of available models. The sediment transport model, FLUVIAL-12 (Chang 1982 (Chang , 1984 (Chang , 1988 , which was first developed in 1972, has been selected for the Kulim River study. FLUVIAL-12 is developed for water and sediment routing in natural and man-made channels. The combined effects of flow hydraulics, sediment transport and river geomorphic changes are simulated for a given flow period. FLUVIAL-12 model is an erodible-boundary model that includes the width adjustment component, which simulates inter-related changes in channel-bed profile, width variation and changes in bed topography induced by the channel curvature effect. Besides that, bank erosion, changes in channel curvature and river meandering can also be modeled (Chang, 2006a) . The applicability of the FLUVIAL-12 model for the river channel responses under its existing conditions and proposed conditions in response to human intervention and the environmental impacts has confirmed by Chang et al. (2002) , where FLUVIAL-12 simulations were made based on a 100-year flood as well as a long-term flood series. Besides that, several case studies of FLUVIAL-12 model applications as discussed by Chang (2006b) and Chang et al. (2008) also showed that FLUVIAL-12 was capable to predict river changes caused by nature and human activities, including general scour at bridge crossings, sediment delivery, channel responses to sand and gravel mining and channelization. Sediment delivery is defined as the cumulative amount of sediment that has been delivered passing a certain channel section for a specified period of time (Chang, 2006a) .
Model input and output
The study reach covers approximately 14.5 km of Kulim River, from the upstream (CH 14390) to the Ara Kuda streamflow station (CH 0). The inputs to the FLUVIAL-12 model are described in detail in FLUVIAL-12 Users Manual (Chang, 2006a) . The geometry data consists of existing survey cross-sections in September 1991 between CH 1900 to CH 14390 at the upstream of Kulim River. However, the survey of CH 0 cross section in December 1995 was provided by DID Hydrology Division for the FLUVIAL-12 modeling requirement. In this study, a total of 120 existing survey cross sections were selected along the study reach to define the channel geometry as the input for FLUVIAL-12 model. FLUVIAL-12 has been used to simulate the channel geometry, lateral and vertical elevation changes for the flood events from 1991 to 2006. The input hydrograph at Ara Kuda for year 1991 (Figure 6 ) was used for model sensitivity analysis whilst model calibration and validation was using the hydrograph from year 1991 to June 2006 (Figure 7) . The rating curve which is used to define discharge variation of stage (water surface elevation) for the downstream boundary condition is shown in Figure 8 shifts in stagedischarge relationships reflect the variability at Ara Kuda streamflow station derived from the past 12-year rating curve for Kulim River. The geometric mean of the bed material size fractions is adequately described from the sediment size distribution. Two sediment size distributions of such samples based on sieve analysis are required at the upstream (d 50 = 1.50 mm) and downstream (d 50 = 0.75 mm) cross sections to specify initial bed material compositions in the river bed (Figure 9 ). These input data, can be grouped into the categories of geometry, sediment and hydrology. A summary of the input and output parameter for each category is shown in Table 5 . (Chang et al., 2008) 
Sensitivity analysis
An analysis was conducted to evaluate the sensitivity of the modelling results to changes in input parameters. To determine the sensitivity of FLUVIAL-12, which including flow, sediment transport and the channel geomorphic changes caused by the variation of each parameter, different values of the parameter were used in simulation runs and the results obtained are compared. Sensitivity analysis is an important step to be taken for more effective use of a model. Major items that required sensitivity test include roughness coefficient, sediment transport equations, channel curvature and number of cross section (reach length between two sections). This sensitivity analysis was carried out using the existing survey cross section and hydrograph for the year of 1991. However, the accuracy of the model is limited to the quality and quantity of the input data. Therefore, using available hydraulic and hydrology data including cross section spacing will affect the quality of the output data. Besides that, selection of the sediment transport formula and model calibration for roughness coefficient are also essential. Shortened distance between cross section or closely spaced along a reach produce more accuracy result in channel geometry changes. Table 6 . Summary of Sensitivity Analysis
Model calibration and validation
The simulation of the FLUVIAL-12 was obtained using 1991 cross section survey and hydrograph. Based on measured water levels, predictions using both roughness coefficients are close to the observed data during low flow. However, as the field data was not available from year 1991 to 2003, a long-term simulation has been carried out to calibrate and validate the model based on the recent measured water level and bed level data that were obtained from 2004 to 2006. Therefore, the calibration of the roughness coefficient using measured water level and bed level in November 2004 is done. As a part of the calibration procedure, the model was run for 12-year period between 1991 to 1992 and 1997 to 2006.
The results of the model simulation during the calibration period agree very well (Table 7 and Figure 10 ), and it can be concluded that prediction using roughness coefficient n = 0.030 and Engelund-Hansen formula were in good agreement with measured water levels and bed profiles and used for model validation. As a part of validation, measured water levels and bed profiles, during September 1991, January 2005 and March 2006 was compared to the predicted water levels and bed profiles by FLUVIAL-12 ( 
Model simulation
Engelund-Hansen formula and roughness coefficient n = 0.030 were found to be the best combination to represent the sediment transport activity in the study reach throughout the model calibration and validation. The sediment transport modeling was conducted based on three scenarios. These include the existing condition modeling using October 2003 flood hydrograph, future condition modeling by using the design flood hydrograph for the Kulim River based on 2010 landuse (DID, 1996) and long-term modeling by relicensing the time frame using hydrograph for year 1991-1992 and 1997-2006 to predict future ongoing changes for the next 10 years. The peak discharge of 92.90 m 3 / s measured on 5 October 2003, which was the highest discharge measured in a 42-year period since 1960 is adopted as the design peak discharge for existing condition. Consequently, sediment transport modeling was carried out for this flood event (3 to 19 October 2003) as shown in Figure 11 . Spatial variations of the sediment delivery during the October 2003 flood are shown in Figure 12 . Sediment delivery generally decreased towards downstream especially near to the river sand mining site at CH 5064. This pattern indicated that erosion occurred at upstream and more sediment deposited at downstream of Kulim River. Peak water surface and changes of the channel geometry due to scour and fill were depicted by the simulated changes in channel bed profile as illustrated in Figure 13 . From the simulation results, flood level was higher at the downstream compare to the upstream of Kulim River. Whilst, the results also show that scour of the bed occurred at upstream and the cross sections near to the sand mining area (CH 5064) were subjected to greater changes than other cross sections. Commonly, channel degradation was predicted at most cross sections at Kulim River after the flood event. Figure 14 shows the sediment transport rates at peak discharge during 2003 flood along the river. Figure 15 shows the example of cross section changes for several locations along Kulim River. In general, the river is stable at most locations after October 2003 flood with the exception of CH 5306 and CH 12490 where lateral migration is predicted at these two locations. The design flood hydrograph for the Kulim River based on 2010 landuse (DID, 1996) is shown in Figure 16 . The critical peak flow of the event is 306.6 m 3 / s (18-hour rainfall duration). Simulated peak water surface and channel bed changes for Kulim River based on design hydrograph are shown in Figure 17 . The cross sections especially near to the sand mining area and few cross sections especially CH 10000 to CH 14390 were subjected to greater changes than other cross sections. In spite of this, channel degradation was predicted at most cross sections after the peak. Figure 18 shows the cross section changes for two selected locations along Kulim River. Simulation for Kulim River based on the time series illustrated the changes of the channel geometry as shown in Figure 20 . The cross sections especially CH 10000 to CH 14000 are subjected to change with sediment aggradation, whilst sediment deposition occur at CH 6000 to CH 10000. Figure decrease from 0.77 mm to 0.58 mm. As the channel bed became finer, more sediment was removed by erosion. Figure 22 shows the example of cross section changes for three locations along Kulim River. In general, it is found that Kulim River will be in equilibrium conditions with slight degradation or erosion which deepen the river. The modeled results show that future changes in cross sectional geometry will generally be limited and erosion along the reach will be slowed down in the simulation period from 2006 to 2016. Thus, Kulim River was predicted to be stable at most locations.
Conclusion
Flooding in Kulim River is found to affect channel geometry, cross sectional geometry, sediment size and sediment delivery, which consists of scour and fill. Three scenarios was evaluated for Kulim River; the model simulation results for existing conditions, future conditions and long-term modeling show that the sediment size and channel geometry in Kulim River changed significantly and the amount of sediment delivery trend decrease with time indicates that long term sediment aggradation occurred at upstream and deposition occurred at downstream of Kulim River. However, modeled results show that future changes in cross sectional geometry will be limited and erosion along the reach will slow down from 2006 to 2016. The results based on the water surface profile simulated from the
